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MULTI-ZONE MODELING OF IMPURIrY REDIsTRIBUTION

IN ION-IMPLANTED MATERIALS

by

Richard Kwor

ABSTRACT

Implanted impurity redistribution has been observed during annealing of

many ion-implanted materials. Experimental evidence suggests some position

dependence in the redistribution process. The tail region of ion-implanted

impurity profiles usually exhibits faster diffusion than the near-surface re-

gion. In this paper, a multi-zone model for the redistribution of implanted

impurities is presented. The implanted substrate is considered as a stra-

tified mediun with zones where a local diff,,sion equiation is obeyed, and an

effective diffusion coefficient is defined within each zone. The basic formu-

lation of the model and its mathematical background are discussed. The multi-

zone equations are solved using the Crank-Nicolson method. A computer program

is used to generate a plot of the post-annealing redistributed impurity pro-

file. The model is applied to the case of sulfur-implanted GaAs for dose

range of 4 x 1013 to 4 x 1015 cm- 2 , with energies of 120 keV and 300 keV.

Good agreement is obtained between the computer generated profile and the SIMS

experimental profile.
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I NTRODUCT ION

Ion implantation offers a number of advantages in the fabrication of

semiconductor devices and is now an established technology for production.

Its attractiveness comes from the ability to achieve doping profiles which are

controllable, reproducible and sometimes not easily obtained by other tech-

niques. In the designing and characterization of ion implanted devices, it is

therefore very important to know or to be able to predict the doping profile.

In most cases, the final carrier concentration profile is closely related to

the implanted impurity distribution and the post-implantation annealing.

High-temperature annealing is necessary for the removal of radiation damages

and the activation of implanted atoms. However, the diffusion of the impurity

atoms during annealing often results in substantial movement of these atoms,

altering the impurity distribution. The pre-annealing impurity distribution

is usually described by the profiles of LSS (), joined half-Gaussian (2), and

more recent lv, tl-e Pearson IV (3, 4). Depending on the implantation condi-

tions, these profiles have various degrees of success. For post-annealing

profiles, however, the effect of diffusion must generally be included. The

commonly used model for impurity diffusion during annealing assumes an initial

Gaussian distribution and a constant diffusion coefficient (5, 6). In the

case of capped substrate such as Si 3 N4 on GaAs, the encapsulant is sometimes

considered a continuation of the substrate. According to this model, anneal-

ing will result in a broader and lower Gaussian distribution. This type of

diffusion can only be regarded as an approximation, whereas the actual diffu-

sion of implanted species is, in general, far more complex. Factors such as

lattice defects may play an important role in the diffusion mechanics of im-

purity atoms. During implantation different types of defect occur in



damage clusters around the path of tile implanted particle (7). The nature and

spatial distribution of radiation damage is extremely complicated. 'lie exact

class of defect or defect complex depends on many factors, including the mass

and energy of the incident particles and the mass of the target atom. Gen-

erally, the damage profile does not coincide with the implanted ion profile;

the degree of disparity between these two being a function of the mass differ-

ence between the bombarding ion and the lattice atoms. Moreover, when the

solid solubility of the implanted species in the substrate is exceeded, as in

the case of high dose implantation, precipitates sometimes occur, thus chang-

ing the local characteristics of the medium. Clearly, the pre-annealing sub-

strate cannot be considered as a homogeneous medium for diffusion of the im-

planted impurity atoms. Another important parameter which may also have a

considerable influence on the final distribution of implanted ions is the

substrate-encapsulant boundary condition. Most encapsulants behave as bar-

riers to outdiffusion, leading to a build up of impurity atoms at the sub-

strate surface,, hut it is also possibl for ;oime to act as sinks. The strain

at the substrate-encapsulant interface also has an effect on the diffusion of

the implanted impurities (8). This complexity is supported by the experimen-

tal evidence that many post-annealing impurity profiles cannot be accurately

described by the simple diffusion theory. Examples of long diffusion tails

are numerous (9, 10, 11). They suggest that the implanted medium may be char-

acterized by two or possibly more zones with different diffusion constants.

This results in a multi-zone modeling scheme for the ion implanted medium.

The medium is divided into zones where a local diffusion equation is obeyed

with an effective diffusion coefficient which lumps the effects of the defects

and possible precipitates. With appropriate boundary and interface condi-

tions, this model can be used to more accurately describe the post-annealing

2



impurity profiles. In its extended form it cavi he used to model outdiffusiun

of implanted species into the encapsulant. In this paper, the basic .)rmtila-

tion of the model and its mathematical background are discussed. A computer

program is then used to generate a plot oif the post-anneal ing redistributed

impurity profile. Reasonable agreement is obtained between the computer gen-

erated profile and the SIMS atomic profile of sulfur-implanted Cr-doped GaAs

for dose range of 4 x 1013 to 4 x 1015 cm - 2 with energies of 120 keV and 300

keV. This provides a simple and yet more accurate way of estimating the dif-

fusion coefficients of an ion implanted medium. The advanced matrix formula-

tion of the model allows the computer program to be independent of the initial

profile and also virtually independent of constrictions in the boundary condi-

tions. The method is thus very suitable for profile analysis in ion implanta-

Lion when the initial profiles cannot be defined by analytical forms as in the

case of non-Gaussian profiles or multiple implantations.

" i ,i | i -, , • i i J3



BASIC FORMULATION OF MULTI-ZONE MODEL

The basic concepts of a double-zone model will first be discussed. In

later sections, these basic concepts are generalized for the multi-zone case.

Fig. I shows tile geometry of a double-zone model. The general continuity

eqpiat ion for the position dependent di ffusion coeff icient is:

C rac 
at ax D(x) -x]

where C(x, t) is the concentration of the implanted impurity atoms, D(x) is

the position dependent diffusion coefficient, t is the time and x is the

depth. For a double-zone model, each of the two zones is assumed to have a

constant diffusion coefficient:

DI for 0 < x < a-
D(x) = [21

D2  for a+ < x <

where D1 and D2 are the effective diffusion coefficients for zone I and zone 2

respectively, a is the location of the zone interface and X is the location

of the second zone boundary. Thus, Eq. [I] becomes tile familiar Fick's second

law inside each zone:

aC 1  32C1
S DI for 0 < x < a 13a]

at ax 2

S= D2 C for a < x < [3b]

at ax 2

where C I and C2 are the concentrations in their respective zones. If the

initial condition, i.e. the as-implanted impurity profile is F(x), then

4



Cl(x) = F(x) for 0 ( x < a (4a]

C2 (x) = F(x) for a < x < £ 14bI

The general boundary condition is

aCiqi L + Pi(x)Ci = fi(x , 0) [51
ax

at the boundary of the ith zone where the concentration Ci(x, t) ic defined.

The function fi(x, t) is seen as a source of impurities located at the

boundary. The function pi(x) is usually a constant related to the absorption

or segregation properties of the boundary. If Pi = 0, then Eq. [5] reduces

to

aci
qi- = fi(x, t) 161

ax

ac.
For a reflective boundary, i.e. no diffusing atom crosses it, - = 0, and

ax
there is no net flux across the boundary. And if qj = 0 and Pi * 0, then

pici =fi(x, 0) [71

An example for this case is Ci(x, t) = CB, the background concentration of

impority in the substrate when £ is very large.

In our simple double-zone model, three boundary conditions will be

assumed. A perfectly reflective cap is assumed to exist at the surface.

Thus,

acta=0 (81

ax
x = 0

For large £ , it is reasonable to assume that no diffusing impurity will cross

the boundary at x f Z for the short annealing time used in ion implantation.

Then

- -- ... . . . Il .. .



( =0

ax 191
x =

And at the zone intrface of x a, the flux in zone I equals thlat in zone 2.

lience,

1 act D c
I = D2  at x = a [101

ax ax

Physically, this means that the interzote botundary is nonabsorbing and do s

not segregate impurities. Also, in this model, the locations of the zone

boundaries are assumed to be time-independenL. Then, given an initial

condition C(x, 0) - F(x), and with the boundary conditions specified by the

Fqs. [8), [9), [10], Eq. [3] can be solved to yield the functions C 1 and C2

for a specific combination of annealring time and the effective diffusion

coefficients in the two zones. The mathematical miethod is outlined in the

next section.

0



DISCRETIZATION OF THE DIFFUSION E(UA'rIONS FOR DOUBLE-ZONE MODEL

I', solve 'qs. 13a nid I I1)W for th,' dlo I t. --Zlti i c:is,, the coni iliiniiis sot

')f space-time points ((x, t)} pairs is substituted with a Wrid of discrete

points tx m = ffx ; t, = iiA t , wher,- Ax and At are sinall intervals of distan!'e

and time respectively, m and n are non-negative integers, in = 0, I, 2, ... , L;

n = 0, 1, 2, ... , T. At the beginning of first zone, xm = 0, m = 0; and at

t he end of SeC)ld ZOne , Xm = X , m = L. The total annealfing Lime is eqial to

'M t. The function C(x, t) at the grid point (m, n) is approximately

n
represented by the point Cm . Using the Crank-Nicolson method (12), Eq. [31

can be transformed to:

cg+ cn+l
) + Cn = Di - ( + m [11]

t m x x 2

where D i is tile diffusion coefficient of the ith zone.

+ = the finite difference operator fur the forward time step.

t Cn+I n

+ Cn = m - Cm

t m At

+ = the finite difference operator for the forward distance step.

x n n1
Cm+1 - Cm0 + Cn =m

x m Ax

= the finite difference operator for the backward distance step.
x n n

Cm Cm-I
cn =

x m Ax

rq. (111 can be expanded to a set of equations (13):

n+l A n+l n+I n A in n
(1 + Xi)C - 2 (C + C )= (I - We) +- (C + C ) [12

2 m+l i-I m 2 m+I ,m-.



where Xi = , the normal izod di ffus ion coeffici ent for the ith z'on,.

(A x)?
The initial condition (n=O) is readily incorporated in this system, :ond the

boundarv conditions ill the d i,rtp spaco-grid are:

(M) At the beginn ing of tie first zone, x. = 0, m = 0, i . Fq. 121 thus

becomes

+ 1 n+1 n+ ' n _ n n
(I * ) .k (C + c ) = (I - X1)c o +i_ (c + c ) r131

2 1 -I 2 1 -

If we assume a perfectly reflecting surface, then

3CI 
0

ax
x 0

which in the discretized format becomes

o n 'm+l - Cm -1

0 C = --0
x m 2A x

in 0

wh r,

0 0 x + 0

X2

there fore

n n
Cj - C- n n

0 or C C
2x 1 -

and Eq. [131 becomes

n+1 n+1 n n
(I +X 1 )C -X 1 C (1 - X) C + . 1 C [141

0 ! 0 1



(2) At the end of the second zone, xm = £ , in = I, = 2,

4) nI

0 C = 0, Eq. 1121 bccornes
)c 0

n+l n+I n n
( + X2) C - 2 C = (I -X 2 ) C + X 2 C (15]

L L-I L 1.-I

(3) At the zone interface, xm = a, in = A, and

- n + n
D[L) C = D2L) C

x A x A

then the inter-zone equation can be shown to be:

X A 2  t1+1 n+l ) 2  n+[
(1+ + )C -- C -- C

2 2 A 2 A-I 2 A+I

L I  _ 2 ) n + I  n X 2 n
= (1 ) C - C +- C [161

2 2 A 2 A-i 2 A+1

For m = 0, 1,2, ....... ,L, the system of equations Eq. [121 can be represented

by a mitrix equat ion

A Cn + l 
= B C[1 [17]

n+ 1nf

where C+1 = C and Cn = C

-0 0)

n+l n
C C

n+l n
C C
L L

9



(+ + A2))

T2

0

T-72

0 -X ( 2 + 2 - )

22

X1 X 2 )

X 

0

X2  
X2- ) X2

22

0 X2  (0 X2 )

10



Depending on the surface condition (at x, 0), the interzone conditions and

the last zone boundarv condition (.at x) = X), the A and I matrices will takv

slightly different forms. A computer program is then used to solve the matrix

n
e~quation Eq. (171 and calculate the valunes of C at di fferett grid points

m

(m, -). The redistributed profile after a certain annealing time can then be

plotted.

11



THE MULT"I-ZONE MOI)EL WITII (!NFRAI. ROUNDARY CONI[TIONS

The mult i-zoe model with ,oiioral boundary cond it ions (Eq. (51) fol lows

the same arguments as the doublo-zno model. Inside the ith zone, where i =

I, 2, 3........,L, Fick's law is assimed to he obeyed:

-- a 2 C i inside ith zone 201

at aX2

Assume the boundary condition at the surface to be

a-c + PlC1 = l (t) at x = 0 (21]

ax

And at x = X the boundary condition is:

a- + PIC = 1 (t) [22]

at

tiere 1 (t) and *l(t) art! time dependent sources (,or sinks) at the first and

last boundaries. The functions PI and PI are related to the permeability of

the boundaries. These boundary conditions are now dis crt ized:

0 S S S
1) C + PIC =I xm 

=  23]
x o 0) 1 m=0(3

0 S s S
D C + p C = 1 xm =t 124]< L 1TL I

where s = n, n+l

The first and last equations in Eq. [121 then become:

n+l n+! n+l
[1 + ( A -xpl)AlJC - A 1 C + X, AxIo 1 1

n' rn n
= i - (1 - AxPt)lCo + XJC I - A 1 AXl (251

12



[+ (I +A xpl AtJ I C C L- X1 Ax

*AIOXI 1. + I +AIA 12

Fqs . 1251 and [26 1 are soon to reduce to Eqs. 114] and 151 for the

double-zone case if I - 2, P1 - P1  0 and *l = j= 0 for all t > 0. For the

multi-zone case, another matrix equation can be obtained:

A 1 + n+l = B Cn + pn [271

S s T
whe reS t [AI IA 0 0......X 1 Ax 11 , n + I

case, -e assumfing no interface resistaice or enhacemenft to particle flow,

approaches similJar to that for the double-zone model cani be used to find the

matrices A and B. And again the redistrihutod profiles ca he calculated

given the annealing time and the set of diffusion coefficients for the I

13



APPLICA'TION OF TEF MOI)I'i. ro ['m T l HI S'RIKUTION OF SULFUR

IN ION-I MPLANTF) GaAf

In this secti n the multi-zone Inodl de scribed in the previouis soctions

is applied to some profiles of silfur impl anLd in <100/ oriented Cr-doped

somi-instlating CaAs stihstrate. The implantations were done at room tempera-

ture and in a non-channeling direction to doses ranging from 4 x 1013 cm-2 to

4 x 1015 cm - 2 . After implantation, the samples were capped with either Si 3 N4

or SiO 2 and then annealed. There is a significant redistribution of sulfur as

a result of diffusion during annealing. As indicated by the SIMS profiles

(Figs. 2-5), the as-implanted profile cannot be be adequately described using

LSS. Pearson IV distribution was the'refore iine1 as the initial condition for

the multi-zone model. Using the same approach as that in Ref. (4), the four

,nonelts for tile Pearson IV distributiomi were found. These four muments were

then fed to the computer which generates the initial condition for the model.

Attompts to match the post-ann:aling profiles for these silfur implants with

Pearson IV distribution have been unsuccessful because of the long diffusion

tails involved. However, as will be seen later, the triple-zone model can he

'sd to adequately describe these profiles. Double-zone model has also been

tried, hut it does not give as good results. As discussed earlier, the model

accepts initial condition of any distribution. Pearson IV has been used

throughout because it gives satisfactory results for these particular applica-

tions. From the SIMS data shown in Figs. 2-5 the different zones in the re-

distributed profiles are apparent. Depending on the annealing time, tempera-

ture, implantation energy and dose, the effective diffusion coefficients in

different zones are different. In Figs. 2-4, the impurity concentrations near

the surface exceed the solid solubility due to high dose implantation. Pre-

cipitation and/or a large amount of unannealed disorder in this region results

14



in a very sinai I effect ive dif fusion coeff ic i lnt. Deeper in the substrate, the

sulfur atoins diffuse with a larger effective diffusion coefficient. Under

such circumstances, significant redistribution of sulfur only occurs in the

tail region of the profile. In lower dose implants, there is a much smaller

d ifference in the effect ive diffusion coefficients of different zones, except

in the lower temperature annealing. Fig. 5 gives stuch an example.

The multi-zone model was applied to four cases. In each case, the

Pearson IV moments for the as-implanted profile were found from the SIMS data

and used to generate the initial profile. The redistributed profile after

annealing was then calculated using a computer. The four cases are discussed

below.

The SIMS unannealed and annealed profiles of Cr-doped GaAs implanted with

120 keV, 10)14 cm - 2 3 2 S are shown in Fig. 2. These profiles were reported

earlier in Ref. 9. The annealed profile shows a very distinct multi-zone

characteristics. Pearson IV distribution was use-d to describe the

is-impl.-nt,.d profile which is seen to deviate substantially from I.SS. With

the choice of four moments of Rp = 0.1 im, a = 0.08 pm, y = -1.7 and = 40, a

x,,,d fit was obtained except near the tail region wher, the Pearson IV

iistribit ion has a slightly shallower penetration. After a 15 minute anneal

at 900°C, performed with an Si 3 N4, encapsulant, a pronounced tail appeared in

the annealed profile. The tail is seen to start at about 2 x 1018 cm - 3 , whih

is commonly accepted as the solid solubility of implanted sulfur in GaAs. To

model this annealed profile, a triple-zone scheme was used. The Pearson IV

jistribution with the above mentioned four moments was used as the initial

on:,dition. The triple-zone profile with interfaces at 0.2 pm and 0.22 pm, and

i5



three effective diffus ion coefficients of D I 4 x I) - 16 cm2 /sec, D2 = 8 x

10 - 1 5 cm2 /sec, D3 = 1.36 x 10- 1 3 cm2lsec, is shown in Fig. 6.

In Fig. 3, the SIMS unannealed and annealed profiles of Cr-doped GaAs

implanted with 120 keV, l0 1 5 cm- 2 32 S are shown. The four moments used in the

Pearson IV distribution for the as-implanted profile were Rp = 0.11 urn, o =

0.097 pr, y = -2.5 and 0 = 40. Again, a good fit was obtained except near the

tail region where the Pearson IV has a shallower penetration, which is common

in all the cases reported in this work. After 15 minutes anneal at 900oC,

performed with an Si3N4 encapsulant, a pronounced tail similar to the

above-discussed 1014 cm- 2 dose case appeared. The triple-zone profile for the

annealed curve is shown in Fig. 7. The interfaces used were at 0.21 Pm and

0.23 ur. The three effective diffusion coefficients were D1 = 4 x 10 - 16

cm2 /sec, D2 = 8 x 10-15 cm2 /sec and D3 = 5.6 x 10 - 1 3 cm2 /sec.

The SIMS data studied in the last case here were also from Ref. 10.

Several annealed curves for different temperatures are shown in Fig. 5.

Multi-zone characteristics of the profile are more apparent in the lower

temperature annealed curves. Triple-zone modeling was performed fur the 700°C

annealed profile. The SIMS as-implanted profile from Fig. 5 was first

cal ihrated in terms of concentrat ion by into.grat ing the area under the curve

and setting it equal to the area under the 700C annealed curve. The four

moments of the Pearson IV were then found: Rp = 0.24 pm, , = 0.12 irm, y = -1

and 0 = 40. This initial condition was then used for the triple-zone model.

(Fig. 9). The interfaces used were at 0.42 urm and 0.60 im. The effective

diffusion coefficients were DI = 9 x 1()- 16 cm2 /sec, D2 = 2.07 x 10 - 1 3 cm2 /sec

and D3 = 2.7 x 10-13 cm 2 /sec.

The above results indicate that for high dose implants, there is very

l itt le diffusion in the first two zones, while the effective diffusion

16



c)e ft I c ient in the thi rd zone is bet wtml 10 -1 J and 10- 1 2 cm2l/sec, near t he

val tue- of sul fur dif fus ion coeffic ient reported by other researchers (6, 14,

15, 16). For lower dose and high energy implants, the difference in diffusion

co f f ic ients of d if ferenit z.oiies de ipnds oil the alnoa 1 in g temperature. At

annealing temperatures below 700'C, there is little diffusion in the first

,M, I but the diffus ion in the tlhi rd zone is quite fast

17



SU!MMARY AND DISIISSION

In all cases studied, reasonable fit was obtained between the triple-zone

profile and the corresponding SIMS annealed curve, with best fit obtained in

the first anti third zones. Since there is a change of as much as several

orders of magnitude in the effective diffusion coefficients from the first to

the third zones, the second zone is in reality a transition zone in which

there is a continuous change of diffusion coefficient. Because of the

piece-wise linear nature of the triple-zone model, only one effective

diffusion coefficient is chosen for the second zone. Thus the greater the

difference between the diffusion coefficients in the first and third zones,

the more difficult it is to have an accurate fit of the profile in the second

zone. The results from the multi-zone modeling show that the impurity

diffusion is related to the implantation energy, dose and annealing

temperature. It is believed that at different implantation energy and dose,

different damages are created, leading to different effective diffusion

coefficients in the third zone. Higher implantation energy results in heavier

lamage and1 a larger effective diffusion coefficient in the third zone. Larger

loses have a similar effect. On the other hand, the heavy damage near the

surface from higher implantation energy or larger dose results in a slow

diffusion in that region. Fig. 5 gives a good indication of the influence of

annealing temperature on the difference in effective diffusion coefficients of

different zones. In this case, when the implantation energy is high and

annealing temperature is low (around 700°C), not much of the implantation

damages near the surface are removed during annealing, and there is a great

difference in the effective diffusion coefficients of the different zones. At

higher annealing temperatures, the implantation damages are removed, the

difference in diffusion coefficients in different zones is reduced. At 850*C
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anneal ing temperat ire, the annealed prof i I e has almost lost its mul ti-zone

characteristics.

In summary, the mtlti-zone model gives a reasonably accurate description

of the post-annealing atomic profile for ion-impl an ted impurities. It also

gives some insight of the physical process occuring during the post-

implantat ion anneal ing, vielding some in format ion of the posit ion dependence

of the diffusion. Using the model, effective diffusion coefficients in dif-

ferent zones of the implanted material can he more accurately calculated.

This model accepts any profiles as initial condition, and is thus very suit-

able for profile analysis in ion implantation when the initial profiles cannot

be defined by analytical forms as in the case of non-Gaussian profil,?s.
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FIG;URE CAPTIONS

Fig. I. Configuration of a double-zone model for impurity redistribut ion.

Fig. 2. SIMS unanitealed and annealed profiles of Cr-doped GaAs implanted with

120 keV, 1 &14 cm- 2  3 2 S. 15 minute anneal was performed with an

Si 3 N4 encapsulant.

Fig. 3. SIMS unannealed and annealed profiles of Cr-doped GaAs implanted with

120 keV, I 0 L5 cm - 2  3 2 S. 15 minute anneal was performed with an

Si 3N4 encapsulant.

Fig. 4. SIMS unannealed and annealed profiles of Cr-doped GaAs implanted with

300 keV, 4 x 105 cm - 2  3 2 S. 20 minute anneal was performed with an

SiO2 encapsulant. (After C. A. Evans et al., Ref. 9).

Fig. 5. SIMS unannealed and annealed profiles of Cr-doped GaAs implanted with

300 keV, 4 x I013 cm - 2  32S. 20 minute anneal was performed with an

SiO2 encapsulant. (After C. A. Evans et al., Ref. 9).

Fig. 6. SIMS profile of 120 keV, 1014 cm - 2  3 2 S implant annealed at 900'C for

15 minutes; Pearson IV profile initial condition; and triple-zone

profito with interface, at 0.2 vim. 0.22 pim and Dj, D2, D3 ,,qoal

4 x 10-16, 8 x 10-15, 1.36 x 10 - 1 3 cm 2 /sec respectively.

Fig. 7. SIMS profile of 120 keV, 1015 cm - 2 3 2 S implant annealed at 900°C for

15 minutes; Pearson IV profile initial condition; and triple-zone

profile with interfaces at 0.21 pm, 0.23 Jm and DI, D2 , D3 equal

4 x 10-16, 8 x 10-15, 5.6 x 10-13 cm 2 /sec respectively.

Fig. 8. SIMS profile of 300 keV, 4 x 1015 cm - 2  32S implant annealed at

840°C for 20 minutes; Pearson IV profile initial condition; and

triple-zone profile with interfaces at 0.39 pr, 0.60 pm and D1 , D2 ,

03 equal 9 x 10- 1 5, 1.44 x 10-13, 1.98 x 1l- 12 cm 2 /sec respectively.

20
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Fig. 9. SIMS profiLe of 300 keV, 4 x 1I3 c,- 2  32 S implant annealed at 700'C

for 20 mioiite; Pearson IV profile in it il ,',ldit ion; and triple-zone

profile with interfaces at 0.42 i'm, 0.60 urm and 0 1 , D2 , D3 equal

q x 10- 16, 2.07 x 10- 13 , 2.7 x 10-i1 cm 2 /sc rk-Spe,, t ivly.
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